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Abstract 
Firstly, an amorphous precursor of hydrous nano-ZrO2–WO3 powder was precipitated by a co-precipitation method in 
alcohol-water mixed solvent using ammonia as a precipitator. Then, a mixture of tungsten doped ZrB2 and W2B5 
powder was successfully synthesized via a solid-state reaction by borothermal and carbothermal reduction using 
nanocarbon, amorphous boron powders and as-synthesized amorphous nano-ZrO2–WO3. Furthermore, 
thermodynamic calculations clarify the above-mentioned reactions may occur. The mass and heat flow of the samples 
were monitored by thermal analysis. The crystallographic structure was identified by X-ray diffractometry. The size 
and morphology of the particles were characterized by TEM microscopy. The combined effects of uniformly 
distributed tungsten and the complex physicochemical changes effectively improved the solid state reactions. 
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1. Introduction 
Among the family of ultra-high temperature materials (UHTCs), zirconium diboride (ZrB2) has been 
identified as the one of the potential strategic materials for applications in hypersonic flight and reusable 
launch vehicles because of the unique combination of properties such as high strength, high melting point 
(3040 °C), high electrical conductivity (9.7 × 10−2 μΩ•m), chemical and physical stability in extreme 
environments [1−3]. However, due to the strong covalent bonding and low self-diffusion coefficient, the 
densification of ZrB2 often requires high temperature or hot-pressing process [4]. Sintering additions, 
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such as SiC [5], B4C [6], MoSi2 [7], Si3N4 [5] and AlN [8], have been proved to improve the densification, 
oxidation resistance and mechanical properties by various means.  
Recently, the beneficial effects of tungsten carbide (WC) and (Zr,W)B2 solid solution on ZrB2 based 
ceramics have attracted particular attention. Small amount of WC impurities (usually <4 vol %, 
introduced during milling processes) was firstly found to play a crucial role in the densification of ZrB2 [4, 
6, 9]. Zhang et al. also indicated that with 4 mol% WC added in, the oxidation resistance of ZrB2 was 
improved, because WC could promote the densiﬁcation of zirconia scale (main oxidation product of ZrB2) 
through liquid-phase sintering [10]. Zou et al. investigated the role of WC in the ZrB2-SiC-WC systems 
during the pressureless sintering process, and speculated that the existence of tungsten may form liquid 
phase, and facilitate growth of elongated ZrB2 grains, which could enhance the mechanical propriety and 
reliabilities of ZrB2 due to the same microstructure tailoring mechanism as Si3N4 [11]. Zhang’s work 
indicated that the dissolving of tungsten into ZrB2 matrix could form a solid solution of (Zr,W)B2, which 
is beneficial to the microstructure tailoring and oxidation resistance behavior [12]. Hirota et al. have 
investigated the formation of W-doped solid solution of (Zr,W)B2 and mechanical behaviors, the high-
temperature bend strength maintained 550 − 600 MPa at 1600 °C [13]. 
A difference of the valences between zirconium and tungsten, led to a formation of vacancies, which 
enhanced densiﬁcation by lowering the activation energy for sintering. On the other hand, according to 
Herring’s scaling law [14], reductions in the particle size provide one means to speed up sintering or to 
shorten sintering times. Thus, a fine particle size and a uniform distribution of tungsten in ZrB2 matrix 
play an important role in the sintering properties of the ZrB2 based ceramics. In previous studies, tungsten 
was introduced by mechanical mixing. Its distribution in the matrix was restricted. In this study, a 
borothermal and carbothermal reduction method was conducted to obtain tungsten doped ZrB2 particles. 
First of all, hydrous tungsten doped nano-ZrO2 powder was prepared by co-precipitation method at room 
temperature. Then, we used nanocarbon, which is a popular metastable material. Additionally, hydrous 
tungsten doped nano-ZrO2 and amorphous boron were also selected as starting materials. We thus 
conducted experiments wherein tungsten was incorporated into a ternary ZrO2, nanocarbon, and boron 
system.  
2. Experimental 
Table 1. The details of the starting materials 
Material Particle size (D50) Purity Supplier 
Zirconyl nitrate N/A AR Lanyi Reagents Co., Ltd., Beijing, China 
Amorphous boron 0.85 µm 95% Dandong Chemical Co., Ltd., Beijing, China 
Nanocarbon 30 nm 99.5% Shanghai Jingchun Reagents Co., Ltd., Shanghai, China 
Tungsten hexachloride N/A 99% Shanghai Jingchun Reagents Co., Ltd., Shanghai, China 
 
Commercially available zirconyl nitrate (ZrO(NO3)2), amorphous boron (B), nanocarbon (C) and 
tungsten hexachloride (WCl6) were used as raw materials. The characterizations and suppliers are listed in 
Table 1. Firstly, a mixture of 0.5 M ZrO(NO3)2 aqueous solution and 0.1 M WCl6 alcohol solution was 
prepared with a ratio of Zr : W (mol) = 10 : 1. The precursor was prepared by dropping the mixed 
solution into stirred ammonia at 0.5 ml/s. The precipitated precursor was repeatedly centrifuged, washed 
with methanol and then dried at 60 °C. Afterwards, the precipitated precursor, amorphous boron and 
nanocarbon with a molar ratio of Zr : W : B : C = 1 : 0.1 : 4 : 1 were mixed via hand ground. The mixed 
powder was then pressed into a disk at a pressure of 125 MPa using a steel die. Finally, the disk was 
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transferred into a crucible with a cover and placed in an alumina tube furnace. It was initially kept at 
1100 °C, and then at 1550 °C for 2 h. 
The mass and heat flow of the samples were monitored by thermal analysis (TG-DTA, Netzsch STA 
449C). The crystallographic structure was identified by X-ray diffractometry (XRD, D/MAX 2200 PC). 
The size and morphology of the particles were characterized by TEM (JEOL JEM-2100F) microscopy. 
3. Results and discussion 
To ensure the uniformly distribution of tungsten, an important step was to prepare uniformly 
distributed oxide precursors. Due to the weak acidic property of H2WO4, typical precipitation method to 
prepare WO3 precipitated precursor is usually conducted in a more acid condition; however, ZrO2 could 
only exist at an alkaline pH value. In this study, WCl6 was selected since it can be soluble in alcohol, 
which is miscible with water. We employed a co-precipitation method using ammonia as a precipitator in 
alcohol-water mixed solvent under a basic condition. 
 
Fig. 1. XRD patterns of the as-synthesized precursor after drying at 60 °C and calcined at 300, 500, and 600 °C for 1h 
Figure 1 shows XRD patterns of as-synthesized precursor using ZrO(NO3)2, WCl6, and ammonia after 
drying at 60 °C and calcined at different temperatures (300, 500, and 600 °C) for 1 h. No characteristic 
peak was found in those patterns bellow 500 °C, which means the amorphous oxide could be kept bellow 
500 °C. And what’s more, compared with the thermal analysis curves shown in Fig. 2, there is no 
significant sign of phase transformation until near 600 °C except a dehydration process indicated by the 
exothermic peak at about 260 °C. However, the characteristic peaks of t-ZrO2 and WO3 were detected in 
the samples calcined at 600 °C, so it can be concluded that the phase transformation from amorphous 
ZrO2 to t-ZrO2 should occur near 600 °C. Overall, during the heating process, the complex 
physicochemical changes undergo several changes in lattice structure, which could increase the defects 
concentration, and effectively accelerate the solid state diffusion rates. 
Main products synthesized by borothermal and carbothermal reduction were ZrB2 and W2B5, as shown 
in Fig. 3. It might be found that a typical shift in the XRD peaks of ZrB2 occurs toward the larger 
scattering angle. This shift correlated to the tungsten dissolvability in the ZrB2 crystal lattice structure. 
And it is attributed to a lattice contraction. We calculated the lattice parameters a and c of hexagonal W-
doped ZrB2. Tungsten incorporated made a reduce from 3.17 Å to 3.16 Å. And lattice parameter c was 
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shortened from 3.53 Å to 3.52 Å. This is attributed to a substitution of larger zirconium ion (radius: 1.6 Å) 
by smaller tungsten ion (radius: 1.42 Å) [15]. According to the Bragg’s law: 
nλ = 2 dhkl sinθ                                                                                                                                    (1) 
where n is an integer, λ is the X-ray incident wavelength (1.54178 Å), dhkl is the interplanar spacing of 
{hkl} planes and θ is the diffraction angle. A substitution of tungsten to zirconium would reduce the 
volume of unit cell, and thereby shift the XRD peaks toward the larger scattering angle. Moreover, a 
study on the phase diagram of W2B5-ZrB2 system has confirmed that the formation of ZrB2-W solid 
solution is possible [16]. Hence, it can be concluded that the shift of the XRD peaks corresponded to the 
doping of ZrB2 with tungsten. 
 
Fig. 2. DSC-TG curves of the as-synthesized precursor 
 
Fig. 3. XRD patterns of the powders via borothermal and carbothermal reduction at 1550 °C for 2 h with carbon (Zr : W : B : C 
(mol)= 1 : 0.1 : 4 : 1) and without carbon (Zr : W : B (mol) = 1 : 0.1 : 4) 
Figure 3 also shows XRD patterns of the products synthesized without nanocarbon in the same 
condition. It is noticed that both ZrB2 and m-ZrO2 were observed in the absence of nanocarbon. Compared 
with the result that complete disintegration of ZrO2 was observed in the presence of nanocarbon, we 
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conclude that the effects of nanocarbon on the reduction of ZrO2 are evident. To study the mechanism of 
solid state reactions, the favorable reactions during calcinations were considered. The basic reactions 
related to ZrB2 production are: 
3ZrO2 (s) + 10B (s) → 3ZrB2 (s) + 2B2O3 (l)                                                                                     (2)  
ZrO2 (s) + 4B (s) → ZrB2 (s) + B2O2 (g)                                                                                            (3)  
Actually, B2O2 is known to be unstable and it may decompose to B2O3 and boron. 
 
3B2O2 (g) → 2B2O3 (g) + 2B(s)                                                                                                          (4)  
ZrO2 (s) + B2O3 (g) + 5C (s) → ZrB2 (s) + 5CO (g)                                                                           (5) 
2WO3 (s) + 9B (s) → W2B5 (s) + 2B2O3 (l)                                                                                         (6) 
WO3 (s) + 4C (s) → WC (s) + 3CO (g)                                                                                               (7) 
According to Gibbs free energy calculations, Reactions (2) and (5) can occur at higher than room 
temperature and 1490 °C [17], respectively. Therefore, Reactions (2) and (3) might occur initially and this 
is accompanied by the production of B2O3/B2O2, and then Reaction (5) is induced with a further increase 
in temperature. Therefore, an understanding of the many factors that affect the reaction process is 
required to understand why the synthesis of a single ZrB2 phase might occur at 1550 °C over 2 h. The 
three kinds of metastable reactants affect the temperature required for the solid-state reactions and also 
strongly affect the kinetics of the transformation. 
For one of the products of W2B5, because of the stronger reduction property, it’s easier for boron to 
form strong covalent bond with tungsten than carbon. A thermodynamic calculation also shows that 
Reaction (6) may occur at room temperature. Thus, though Reaction (7) is favourable at temperatures 
above 700 °C, tungsten carbide was not found in the final products. 
Based on the discussion above, it can be concluded that the co-effects of multi-factors such as phase 
transformation, temperature profile and content of boron and carbon are essential to ensure the 
deoxidation reaction and obtain uniformly distributed ZrB2-W2B5 particles. Considering the mechanism 
of solid state reaction and the evaporation at temperatures above 1100 °C [18], we adopted a final 
optimized ratio of Zr : W : B : C (mol) = 1 : 0.1 : 4 : 1, and the calcining temperature was maintained at 
1550 °C over 2 h to promote the solid state reaction completely. 
A TEM observation was conducted to describe the size and morphology of the mixture of W-doped 
ZrB2 and W2B5 particles. Figure 4 shows that the average particle size of W-doped ZrB2 was ca. 400 nm 
in two-dimensions with a plate-like morphology, in addition, a number of rod-like W2B5 particles were 
observed surrounding ZrB2 particles. 
4. Conclusions 
Based on the present results, the following conclusions may be drawn. (1) Hydrous ZrO2-WO3 powder 
was synthesized by co-precipitation method. (2) The final product was the mixture of W-doped ZrB2 and 
W2B5 particles. And they were synthesized with a molar ratio of Zr : W : B : C (mol) = 1 : 0.1 : 4 : 1 at 
1550 °C for 2 h. (3) The powders had an average particle size of ca. 400 nm in two-dimensions with a 
plate-like morphology. 
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Fig. 4. TEM image of the mixture of W-doped ZrB2 and W2B5 particles synthesized at 1550 °C for 2 h (Zr : W : B : C (mol) = 1 : 
0.1 : 4 : 1) 
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